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Figures Introduction
While conducting a survey of rubber tensile properties after immersion in DS-2 (a mixture of sodium hydroxide (2% by weight), 2-methoxvethanol (28% by weight), and diethylenetriamine (DTA) (70% by weight)), the author noted that while Fluorocarbon Rubber 0002 (MTL-0002) did not sorb more than 2% by weight of DS-2 after 24 hours of immersion (see Figure 1) , tensile specimens did undergo stressinduced cracking (SIC) after immersion times of as little as one-half hour (2,3) (see Figures 2 and 3 ).
Fluorocarbon rubbers are used primarily as seals in harsh environments where the chemical resistance of a fluoroelastomer is required and its expense is justified (4) . Surface cracks appearing in such seals while under tension, after the use of DS-2, could pose a hazard for Army personnel and vehicles. The purpose of this paper is to examine the cause of the phenomenon and to describe a possible remedial course of action. Description of MTL-0002 MTL-0002 was prepared by Smithers Scientific Services, Inc. of Akron, OH (1). The recipe is as described in Table I . According to Reference 1, the rubber sheets were compression molded at 293 0 F for 30 minutes. There is no indication of a post-cure heating.
In addition, per Reference 1, the Fluorel gums are copolymers of vinylidene fluoride (VF) and hexafluoropropylene (HFP). Per 3M Corporation (5), the manufacturer of the gums, Fluorel 2145 is supplied without an incorporated curing agent, but can be amine or bisphenol cured. The curing agent is incorporated into Fluorel 2174 (6) and consists of hexafluoropropylidene diphenol (crosslinker),triphenylbenzylphosphonium chloride (accelerator) (7) .
The most common general systems employed today for the curing of fluoroelastomers are peroxides, amines, and bisphenols (4, (8) (9) (10) (11) (12) (13) . Peroxide curing of fluoroelastomers is not a factor in SIC of MTL-0002, Referentc., 8 and 9 are recommended to the reader interested in this topic.
Amine and Bisphenol Curing of VF-HFP Fluoroelastomers
The basic structure of VF-HFP fluoroelastomers is (4, (8) (9) (10) (11) (12) (13) :
According to Schmiegel and Logethis (8) and Arcella, et al. (13, 14) , reactive sites in the presence of the bisphenols are isolated vinylidene fluoride units. In a multistep process, the VF units are dehydrofluorinated (assisted by the action of the onium ion provided by the accelerator) to produce double bonds (-C (CF) = CH-). The resultant HF then reacts with MgO to produce MgF2 and water. (Note: The MgO is required to be present for the dehydrofluorination to occur. Water production competes with the dehydrofluorination and acts as a limiting factor for the reaction (15, 17) (also see the Analysis Section of this report)).
Arcella, et al. (13, 14) also postulate the formation of -CH = CF-double bonds as an intermediate step. The bisphenol then reacts at the double bond sites to create ether linkages between chains (see Figure 4) , HF is again split off from those sites to react with the MgO added during rubber compounding. Calcium hydroxide, added during coinpounding, is also used as an acid acceptor (1).
Amine curing of VF-HFP fluoroelastomers preceded that of bisphenol or peroxide: the basic research was performed in the late 1950s to early 1960s (4, (9) (10) (11) (12) 15) . As with bisphenols, difunctional amines cause dehyvdrofluorination of VF sites with subsequent formation of carbon-carbon double bonds at those sites. The amines react at the double bond sites to form imine crosslinks and HF, while MgO, added during compounding, reacts with the liberated HF to produce MgF2 and water. (This water also acts as a limiting factor on the extent of crosslinking (15) .) In addition, tertiary amines were found to cause chain scission of the polymer (10). 
Experimental
In the initial study (2), MTL-0002 was cut into tensile specimens per ASTM D 638(V)-87 (16); this size specimen was chosen as a result of limited supplies of Multipurpose Chemical/Biological Decontaminant (MCBD) microemulsion which was also used in that study. The MTL-0002 samples were immersed for periods of one-half hour or 24 hours in 65 ml of decontarninant, wiped dry with filter paper, and then tested to break in an Instron 1122 tensile test machine with a constant crosshead speed of 50 mm/mm. Each series of exposures was conducted separately. Consult Reference 2 for the exact details of the procedure and for the methods used to calculate stress and strain. In order to detennine which components (or combination of components) of DS-2 were responsible for the observed SIC, a series of tests were conducted separately upon sets of two ASTM D 638(V) tensile samples; the results are summarized below: " After one-half hour immersion in a solution of sodium hydroxide (2% by weight) and 2-methoxyethanol, samples were swollen in a cross-sectional area by an average of 23%. Although multiple surface cracks did not appear, in two cases the samples failed by forma~ion of a single, visible crack at the left edge and progressed across the gage section.
" In contrast, after one-half hour of immersion in pure 2-methoxvethanol no surface cracks formed prior to fracture and samples zwelled by an average of 18% in a cross-sectional area.
" SIC was observed in one-half hour of immersion in 2-methoxvethanol (28% by weight) and DTA. and samples were swollen approximately 7% in a crosssectional area.
" SIC was also seen after immersion in 100% DTA, and appeared in the same manner shown in Figure 2 . The samples also felt stiffer after immersion and no swelling occurred.
Diethylenetraimine is a multifunctional amine with the following structure:
From the preceding discussion of amine curing of fluorocarbon gums, it is suggested that the cause of SIC in MTL-0002 after DS-2 immersion is crosslinking at the surface due to the action of DTA.
In order to conform that a chemical reaction did take place at the surface of the samples, three specimens of MTL-0002 were subjected to infrared analysis. One sample was immersed in DS-2, the second immersed in diethvlenetriamine while the third was the control. The samples were prepared as follows:
Specimens were cleaned of mold release by rubbing with filter paper, then wiped with ethanol (applied by filter paper) to remove finger oils and were allowed to dry. The specimens immersed in DS-2 and diethylenetriamine were immersed for one hour in their respective liquids; they were separately rinsed in distilled water by immersing for one minute then blotted dry with filter paper.
As can be seen in Figure 5 , the control sample exhibits absorption peaks in the OH stretch range (3695 to 2850 cm-1 ) which is probably due to retained water and other hydroxides generated during curing, the CH range (1645 to 1290 cm ), and in the CF range (1090 to 630 cm-1) (19, 20) .
In contrast, the IR spectrum of the DS-2 exposed specimen (see Figure 6 ) shows reduced presence of OH and CH stretch bands (the peak at 1425 cm"1 can no longer be seen). The absorption peaks in the 1400 to 1900 cm"-range are due to water vapor present in the spectrometer. The CF bands exhibit less noise than in the nonimmersed sample, and a new absorption peak (at 1030 cm" 1 ) can be discerned (see Figure 6) . The results for DTA immersion are similar to those of DS-2, therefore, the IR data confirm that a surface reaction between the DS-2 and the fluoroelastomer did occur. Figure 6 . Infrared spectrum of MTL-0002 after one hour of immersion in DS-2
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To determine the approximate time required to cause SIC by DTA. the author placed a single drop -` DTA on one side of the gage sections of ASTM D 638(V)-87 -amples for various lengths of time. the drops were then wiped off (not rinsed) and the specimens were tested to break. After five minutes there is a change in the fracture pattern: although the major mode of fracture is unchanged, there exists a flat surface (perpendicular to the direction of applied stress) from the fracture plane to the edge. Although no SIC was observed, it is possible that the surface exposed to DTA vas subject to the formation of microcracks. and that when the stress was sufficient to fracture the material in bulk. microcracks w.-.ich had formed perpendicular to the angle of applied stress were sufficient to provide a localized fracture path.
After 12 minutes had elapsed. SIC in the manner of Figure 2 (post DS-2 exposure) was seen and the fracture path was flat and perpendicular to that of the applied stress.
IH
In order to determine the actual elongation of the surface at the first appearance of SIC, MTL-0002 samples were cut into strips and immersed for one-half hour in DS-2 then rinsed in distilled water. These strips were then attached to a second plastic strip (which was approximately 0.1 mm in thickness) via double-sided tape. This assembly was then bent over a conical mandrel, per ASTM D 522-85 (21), and the diameter of the mandrel at which the crack first appeared was recorded. All MTL-0002 specimens were 40 mils in thickness.
ASTM D 522-85 is a test for the flexibility of organic coatings attached to a flexible substrate. This standard determines the percent elongation of the uppermost fibers of the sample (and, hence, the coating) during bending to be: This calculation assumes that the substrate and coating deform elastically, that the coating fails in a brittle manner; i.e., without plastic deformation, and that the coating remains bonded to the substrate.
Of seven samples tested, the percent elongation at fracture ranged from 2.46% to 4.75%, with an average value of 3.39% and a standard deviation of ± 0.78%. In contrast, similar tests of unexposed samples showed that cracks appeared only after the strips were folded approximately 1800 with a bend radius of 0.70 mm. The calculation method given above yields a percent elongation of 60.5% for these samples.
Other Fluoroelastomers
To determine if SIC is a problem only with MTL-0002, or whether this was important to other Army fluorocarbon elastomers, two sets of two ASTM D 638-87 (Type V) samples of Aflas-0009 (1), I.B. Moore Fluorocarbon Rubber V7D (1), and Viton (1) (exact composition unknown) were immersed for one-half hour and 24 hours in DS-2 and then subjected to tensile testing as described above, except that the 24 hour specimens were rinsed for one minute in distilled water.
The results are displayed in Figures 8 through 10 . Aflas is a copolymer of tetrafluoroethvlene and propylene (1, 22, 23) and is. therefore. highly resistant to most chemicals. Although some stiffening of the samples are noted after 24 hours exposure, no SIC was observed. Both the Viton (4,23) and I.B. Moore fluoroelastomers (i) are copolymers of vinylidene fluoride and hexafluoropropylene as is MTL-0002. For both of these fluoroelastomers, the SIC was observed prior to fracture after one-half hour of immersion-the lB. Moore fluoroelastomer failed more quickly than the Viton, due in part to the differences in thickness (40 mils for V7D versus 60 mils for the Viton) and the resultant resistance to cracking given by the greater thickness. The l.B, Moore vulcanizate also failed at a higher stress than MTL-0002 after one-half hour of immersion, but at a low stress after 24 hours of exposure.
Analysis
It is evident that the VF-HFP elastomers tested are susceptible to SIC after DS-2 exposure. This attack appears to be due to diethvlenetriamine acting as a crosslinker on the fluorocarbon rubber surfaces, possibly aided by the presence of NaOH acting as an acid acceptor (studies of the effects of aqueous solutions of NaOH on polv(vinylidenene flouride) (24, 25) at temperatures between 20 0 C through 100 0 C and at concentrations between 5% through 50% have shown that sodium hydroxide at elevated temperatures and concentrations will dehydrofluorinate poly(vinylidene fluoride), both as a single solute (24) and in the presence of quaternary ammonium or phosphonium halides (25) .
This crosslinking is a surface phenomenon and is supported by the low sorption of DS-2 by MTL-0002 (see Figure 1 ), the' high stress level at sample fracture despite the presence of SIC, and by the lack of swelling in the presence of 2-methoxyethanol in the full DS-2 solution only. (Swelling of FKM vulcanizates in the presence of 2-methoxyethanol (methyl cellosolve) is noted in the literature (26) (27) (28) .) 11 Comparison of the tensile results (see Figures 3 and 8 through 10) indicates that M IL-0002 and Fluorocarbon Rubber V7D are the most vulnerable to SIC of the elastomers tested. The recipes (1) for these rubbers are similar; the main difference is in the proportion of MgO and calcium hydroxide used: MTL-0002 used 6 phr MgO and 2.5 phr Ca(OH)2 while V7D used 3 phr MgO and 6 phr Ca(OH)2.
The author corresponded with 3M Corporation (29) , the manufacturer of the Fluorel gums, regarding the recipe for MTL-0002. 3M indicated that there was sufficient curative present in Fluorel 2174 to allow proper cure of the Fluorel 2145 also present in the recipe. It was indicated that optimum physical properties are obtained by a combination of 3 parts Maglite D (MgO) and 6 parts calcium hydroxide (note that this is the V7D proportioning) and that better compression set values could be obtained by using I to 2 phr Carnauba Wax instead of the 3 phr employed. It is possible that a greater de-ree of cure could be obtaingd at the higher temperature, and it is suggested that if this is the case, it is possible that the vulnerabilitv to SIC in MTL-0002 after DS-2 exposure could be reduced.
However, the recommendation regarding post-cure should not be followed. Although Paciorek (12) showed that heating after press curing does induce further crosslinking in the rubber, and Smith and Perkins (15) linked this behavior to the elimination of water (known to act as a control on the degree of crosslinking in ' -vulcanizate), recent studies (see below) have indicated that this additional crosslinking i.. 'lot stable over time. Ferro, et al. (30) have studied the post-cure behavior of bisphenol cured FKM rubbers and have concluded that mechanical properties developed during the post-cure heating degrade in normal room storage conditions because the majority of bonds created during post-cure are physical in nature (formed between the filler and the elastomer matrix because of the elimination of water during heating); they are broken due to the re-sorption of water from the atmosphere. It was found that the most stable properties were achieved by those materials which were only press-cured. Samples which were stored at 50% relative humidity required a second post-cure to restore maximum strength to the elastomers.
These results were confirmed by Struckmeyer (31), who also noted that this phenomenon of "drifting" occurred in both bisphenol and peroxide cured volanizates, although the behavior changes due to post-cure water sorption varied according to the curing system employed.
References 30 and 31 noted that rubbers filled with nonblack, hydrophobic fillers were the most stable over time and that while carbon black filled vulcanizates were more stable than most other nonblack fillers, they were nevertheless subject to "drifting".
Fluorocarbon Rubber 0002 was compounded in order to generate consistent results for many types of tests and test conditions and to, therefore, provide a reference for testing other fluoroelastomers. It a post-cure heat treatment were given to the newly formed sheets, the degree of "drift" from the initial tensile data would have to be evaluated-i.e., "calibration" would be required, each time a sheet is used. If the initial mechanical properties were desired, then a second heat treatment may well have to be employed. This may not often be feasible, especially if the sheet(s) were to be employed in field testing or for contractor use where controlled storage conditions and/or curing ovens may be present. Therefore, in order to maximize the stability of mechanical properties of MTL-0002 over time, it is recommended that only a press cure be applied, albeit at the greater temperatures recommended by 3M Corporation (29) as noted above.
Conclusions
The fluorocarbon elastomers based upon poly(vinylidene fluoride-cohexafluoropropylene) tested in this study (MTL-0002, I.B. Moore V7B, and a Viton elastomer) are susceptible to SIC after one-half hour immersion in DS-2, while Atlas 0009 (based upon poly(tetrafluorethylene-copolypropylene)) is not so affected. The cause of this vulnerability appears to be crosslinking on the surfaces of the polymers induced by diethylenetriamine, one of the components of DS-2.
In order to increase resistance to this attack, changes in the recipe of MTL-0002 to increase the degree of crosslinking should be employed-in correspondence with 3M Corporation (29) , these should include changing the press cure temperature and altering the levels of Maglite D (MgO) and calcium hydroxide. If additional compression set resistance is desired, the level of Carnauba Wax should also be reduced.
However, a post-cure heat treatment is not recommended; Ferro, et al. (30) and Struckmeyer (31) have found that the additional strength imparted to FKM vulcanizates which have been subjected to a post-cure heat treatment have been found to be unstable over time because the bonds so created are primarily physical in nature and are formed by the desorption of water. Re-sorption of water from the atmosphere during storage reduces the strength of the rubber. The initial properties imparted by the press cure do appear to be stable in storage. It is, therefore, recommended that the application of a post-cure heat treatment to MTL-0002 not be employed.
Future Work
Due to the presence of amine additives in the new SG grade automobile engine oils (13, 32, 33) , and the increasing use of "gasohol" fuels (gasoline and alcohol) (34), the rub4b ber industry has recently become concerned that hoses and seals in automobile engine environments may fail prematurely. New basc-resistant fluorelastomers have been patented; for example, see References 35 and 36, in response to this concern. Future work should include obtaining samples of these new materials (along with others which may have been patented since the writing of this report) and testing them for resistance to DS-2 and other decontaminants, chemical/biological warfare agents and stimulants, and for petroleum/oil/lubricant resistance. 13 
